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K3/MIR1 and K5/MIR2 of Kaposi’s sarcoma-associated herpesvirus (KSHV) are viral members of the
membrane-associated RING-CH (MARCH) ubiquitin ligase family and contribute to viral immune evasion by
directing the conjugation of ubiquitin to immunostimulatory transmembrane proteins. In a quantitative
proteomic screen for novel host cell proteins downregulated by viral immunomodulators, we previously
observed that K5, as well as the human immunodeficiency virus type 1 (HIV-1) immunomodulator VPU,
reduced steady-state levels of bone marrow stromal cell antigen 2 (BST2; also called CD317 or tetherin),
suggesting that BST2 might be a novel substrate of K5 and VPU. Recent work revealed that in the absence of
VPU, HIV-1 virions are tethered to the plasma membrane in BST2-expressing HeLa cells. By targeting BST2,
K5 might thus similarly overcome an innate antiviral host defense mechanism. Here we establish that despite
its type II transmembrane topology and carboxy-terminal glycosylphosphatidylinositol (GPI) anchor, BST2
represents a bona fide target of K5 that is downregulated during primary infection by and reactivation of
KSHYV. Upon exit of the protein from the endoplasmic reticulum, lysines in the short amino-terminal domain
of BST2 are ubiquitinated by K5, resulting in rapid degradation of BST2. Ubiquitination of BST2 is required
for degradation, since BST2 lacking cytosolic lysines was KS5 resistant and ubiquitin depletion by proteasome
inhibitors restored BST2 surface expression. Thus, BST2 represents the first type II transmembrane protein
targeted by K5 and the first example of a protein that is both ubiquitinated and GPI linked. We further
demonstrate that KSHYV release is decreased in the absence of K5 in a BST2-dependent manner, suggesting

that K5 contributes to the evasion of intracellular antiviral defense programs.

Bone marrow stromal cell antigen 2 (BST2) was recently
identified as a host cell restriction factor that prevents the
release of retroviral and filoviral particles from infected host
cells (23). Human immunodeficiency virus type 1 (HIV-1)
counteracts this antiviral function of BST2 by expressing the
viral auxiliary protein VPU (41, 53). In the absence of VPU,
virus particles are prevented from budding off the cellular
membrane in cells that express BST2, resulting in virions being
tethered to the plasma membrane. BST2 was therefore re-
named tetherin (41), although questions still remain as to
whether BST2 acts as the actual tether and whether BST2-
dependent tethering occurs in all BST2-expressing cell types
(36). Independently, BST2 was shown to be induced by type I
and type II interferons (IFNs) (7), suggesting that BST?2 is part
of the innate antiviral response triggered in infected cells.

Using a quantitative membrane proteomic approach, we ob-
served that BST2 is underrepresented in plasma membranes
from cells expressing not only VPU (14) but also the K5 pro-
tein of Kaposi’s sarcoma-associated herpesvirus (KSHV) (4).
K5 is a viral homologue of a family of cellular transmembrane
ubiquitin ligases, termed membrane-associated RING-CH
(MARCH) proteins (3), that mediate the ubiquitination of the
cytoplasmic portion of transmembrane proteins (reviewed in
reference 40). Each member of this family targets a subset of
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cellular membrane proteins with both unique and shared spec-
ificities (4, 56). One of the functions of cellular MARCH pro-
teins is to modulate antigen presentation by mediating the
ubiquitin-dependent turnover of major histocompatibility
complex (MHC) class II molecules in dendritic cells, B cells,
and monocytes/macrophages (43, 52). In contrast, viral homo-
logues of MARCH proteins encoded by KSHV, murine her-
pesvirus 68, and the leporipoxvirus myxomavirus all share the
ability to mediate the destruction of MHC-I (reviewed in ref-
erence 16) but not MHC-II molecules. Thus, one of the func-
tions of the viral proteins is to promote viral escape from
immune clearance by CD8" T lymphocytes (50). Furthermore,
each viral MARCH homologue specifically eliminates addi-
tional host cell proteins, so each plays multiple roles in viral
pathogenesis. KSHV carries two viral MARCH proteins, K3
and K5, also known as MIR1 and MIR2, which both support
viral escape from T-cell, NK-cell, and NKT-cell recognition by
eliminating the corresponding ligands from the surfaces of
infected cells (reviewed in reference 10). In endothelial cells
(ECs), K5 additionally downregulates EC-specific adhesion
molecules that play an essential role in the formation of adhe-
sive platforms and adherens junctions (31, 32). Since Kaposi’s
sarcoma is a tumor of EC origin, K5 might thus also contribute
to tumorigenesis by disrupting normal EC barrier function and
by modulating the interaction of ECs with inflammatory leu-
kocytes.

The downregulation of BST2 by K5 further suggests that K5
also counteracts innate antiviral responses, which might benefit
KSHV. However, most transmembrane proteins targeted by
viral or cellular MARCH proteins are type I transmembrane
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proteins that belong to the immunoglobulin superfamily. In
contrast, BST2 is a type II transmembrane protein that is also
glycosylphosphatidylinositol (GPI) anchored (25). Thus, BST2
has a short cytoplasmic amino terminus followed by an out-
side-in transmembrane domain, a large glycosylated extracel-
lular portion, and a GPI anchor. The additional propensity of
BST2 to form homodimers (44) was speculated to be crucial
for the tethering function of BST2 in that self-association of
BST2 molecules in the viral envelope with plasma membrane
BST2 could prevent viral exit (19). The unusual topology of BST2
and its multimerization raised the question of whether BST2 is
a bona fide target of K5 or whether its downregulation is a
downstream effect of K5 eliminating other transmembrane
proteins. Additionally, it is not clear whether BST2 would be
downregulated in the context of a normal viral infection and,
particularly, whether virally expressed K5 would be able to
overcome the high expression levels of BST2 observed upon
IFN induction. We now demonstrate that KSHV efficiently
downregulates IFN-induced BST2 both during primary infec-
tion and upon reactivation from latency in ECs. IFN-induced
BST2 is ubiquitinated by K5 upon exiting the endoplasmic
reticulum (ER) and is rapidly degraded by a pathway that is
sensitive to proteasome inhibitors but resistant to inhibitors of
lysosomal acidification. These data suggest that despite its un-
usual topology, BST2 is directly targeted by KS5. We further
demonstrate that BST2 reduces KSHYV release upon inhibition
of K5 expression by small interfering RNA (siRNA), suggest-
ing that BST2 is part of the IFN-induced innate immune re-
sponse to KSHV. Thus, in addition to contributing to viral
evasion of cellular immune responses and remodeling EC
function, K5 also counteracts the innate immune defense of
the host cell.

MATERIALS AND METHODS

Viruses and cell culture. Dermal microvascular endothelial cells (DMVECs)
were immortalized by transfection with human papillomavirus (HPV) E6 and E7
and infected with KSHYV as described previously (37). KSHV was obtained from
reactivated BCBL-1 cells as described previously (37). Replication-deficient ad-
enovirus expressing N-terminally (K3) or C-terminally (K5) FLAG-tagged in-
serts under the control of a Tet transactivator-dependent promoter and Ad-RTA
were described previously (32). Ad-TET was obtained from David Johnson,
Oregon Health and Science University.

HeLa cells were infected with rKSHV.219 (kindly provided by J. Vieira).
rKSHV.219 expresses green fluorescent protein (GFP) under the control of a
constitutive promoter and red fluorescent protein under the control of a lytic
promoter and exhibits puromycin resistance (55). Latently infected cells were
plated in six-well plates and were treated with control, K5, or BST-2 siRNA,
using Lipofectamine 2000 transfection reagent following the manufacturer’s pro-
tocol. The transfection was repeated after 8 h. Ad-RTA was used to reactivate
the virus in latently infected cells. Forty-eight hours after infection, supernatants
were collected, filtered, and used to infect 293 cells. Cells were analyzed by flow
cytometry after 48 h to measure GFP fluorescence.

To generate stable cell lines expressing BST2, the human bst-2 cDNA was
amplified as an Nhel/BamHI fragment by a PCR using the Pfu enzyme (Strat-
agene, San Diego, CA) and inserted into the lentiviral vector pPCDH-CMV-MCS-
EF1-Puro (System Biosciences, Mountain View, CA). BST2 and its mutants with
a hemagglutinin (HA) tag at position 146 (BST2-HA) and lysine-to-arginine
replacements at positions 18 and 21 (BST2-KR) were generated by primer-
directed mutagenesis using PCR. Lentiviral supernatants were produced via
triple transfection of 293T cells with the pHP-dI-N/A packaging construct, the
pHEF-VSVG envelope construct (both constructs were obtained through the
AIDS Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH, from Lung-Ji Chang [9]), and one of the lentiviral clones described above.
Transfections were performed using Effectene (Qiagen, Germantown, MD), with
a plasmid ratio of 6:1:3 (packaging construct:envelope construct:lentiviral clone).

BST2 DOWNREGULATION BY KSHV K5 9673

After 48 h, the supernatants were collected and lentiviruses were purified
through a 0.8-pm filter. Stable cell lines expressing BST2, BST2-HA, BST2-HA-
KR, and BST2-KR were generated by lentiviral transduction and puromycin
selection (0.3 pg/ml). An empty pCDH vector was used as a control.

Antibodies and reagents. Mouse anti-human BST2 (HM 1.24) was kindly
provided by Chugai Pharmaceutical Co., Ltd. (Kanagawa, Japan), and was pre-
viously characterized (44). This antibody was used for cytofluorometry (1:200),
immunofluorescence (1:100), immunoprecipitation (1 pg/ml of lysate), and im-
munoblotting (1:2,000). Anti-ubiquitin (clone P4D1) and anti-glyceraldehyde-3-
phosphate dehydrogenase (anti-GAPDH) were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Mouse anti-human HLA antibody W6/32 was
obtained from Sigma (St. Louis, MO), and anti-HA antibody was obtained from
Covance Research Products Inc. (Denvar, PA). Anti-K5 antibody was described
previously (45).

The following reagents were used at the indicated concentrations. Concana-
mycin A (ConA) (working concentration, 50 nM) was purchased from Sigma (St.
Louis, MO). MG132 was obtained from Boston Biochem (Cambridge, MA) and
used at a final concentration of 20 puM. Human B-IFN (PBL Biomedical Labo-
ratories, Piscataway, NJ) was used at 500 U/ml, and recombinant human tumor
necrosis factor alpha (TNF-o; R&D Systems, Minneapolis, MN) was used at
10 ng/ml. Dominant-negative VPS4 (GFP-E228Q) and wild-type GFP-VPS4
plasmids were obtained from Wes Sundquist (18).

Cell surface protein biotinylation. Cell surface proteins were biotinylated with
EZ-Link NHS-SS-biotin following the manufacturer’s protocol (Pierce, Rock-
ford, IL). Briefly, cells were washed three times with ice-cold phosphate-buffered
saline (PBS), and primary amines of the membrane proteins exposed to the
exterior of the cells were biotinylated with NHS-SS-biotin for 30 min at 4°C. The
cells were washed and lysed immediately with a nonionic detergent. Labeled
proteins were isolated with immobilized NeutrAvidin (Pierce, Rockford, IL).
The bound proteins were released by incubating the resin with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer contain-
ing 50 mM dithiothreitol.

Metabolic labeling and i precipi Cells were starved in Dulbecco’s
modified Eagle’s medium deficient in methionine and cysteine for 30 min and
then pulse labeled for 15 min with 80 wCi/ml L-[**S]methionine and 24 wCi/ml
L-[*S]cysteine (Express protein labeling mix; PerkinElmer, Boston, MA). The
label was chased for various times with full medium containing an excess of
normal cysteine and methionine. Cells were lysed in SDS buffer (1% NP-40), and
antigens were immunoprecipitated with 1 pwg/ml of antibody. Precipitates were
either left untreated or treated with 1 pg of endo-B-N-acetylglucosaminidase H
(endo H) or 500 U of N-glycosidase F (PNGase F; New England Biolabs,
Ipswich, MA). The proteins were separated in a 10% SDS gel, dried, and
exposed to Kodak Biomax MR film. Treatment with MG132 (20 nM) or ConA
(50 nM) was done for 12 h after transduction with Ad-KS5 for 4 h.

Immunoblotting of immunoprecipitated BST2. To solubilize BST2, 6 X 10°
cells were lysed in 250 pl of 0.6% SDS in PBS at room temperature for 20 min
and then scraped off and diluted, using 750 wl of 1.2% Triton X-100. The cell
lysate was cleared of debris by centrifugation at 10,000 X g for 10 min at 4°C.
BST2 was immunoprecipitated using 1 pg of HM1.24 antibody. The immuno-
precipitate was washed in 0.2% Triton X-100, resuspended in gel loading buffer
(10% glycerol, 5% B-mercaptoethanol, 2% SDS, 50 wM Tris, pH 6.8, and 0.02%
bromophenol blue), and separated by 10% SDS-PAGE. The proteins were
transferred to a polyvinylidene difluoride membrane (Waters Ltd., Milford, MA)
and probed with primary antibodies for 1 h at room temperature, followed by
horseradish peroxidase-conjugated secondary antibody (Santa Cruz Antibody
Solutions). Membranes were washed in 0.1% Tween 20 in PBS. The proteins
were detected using a SuperSignal West Femto chemiluminescence kit (Thermo
Scientific, Rockford, IL).

qPCR. Total mRNA from cells was isolated and purified using RNeasy
(Qiagen). Specific primers for BST2, K5, and B-actin were designed using Primer
3 software (BST2 primers were CCGTCCTGCTCGGCTTT [forward] and CC
GCTCAGAACTGATGAGATCA [reverse], K5 primers were ACAAGGACC
GTCAATTCGATG [forward] and TGCCATACCGACGGCC [reverse], and
B-actin primers were TCACCCACACTGTGCCCATCTACGA [forward] and
CAGCGGAACCGCTCATTGCCAATGG [reverse]). Transcript levels were de-
termined by quantitative real-time reverse transcriptase PCR (qPCR), using
SYBR green dye incorporation (AB Applied Biosystems, Warrington, United
Kingdom) and AmpliTaq Gold DNA polymerase in an ABI Prism 7900HT
sequence detection system (AB Applied Biosystems, Warrington, United King-
dom). The comparative threshold cycle method was used to derive the change in
BST?2 expression between different treatments, using B-actin as an internal stan-
dard (46).
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RESULTS

KSHV downregulates IFN-induced BST2 during primary
infection. Using quantitative proteomics, we previously ob-
served that BST2 was underrepresented in membrane prepa-
rations of K5-expressing HeLa cells (4). The mass spectromet-
ric result was independently verified using a commercially
available anti-BST2 antiserum that was of limited specificity
and could be used only in immunoblots. To independently
verify that BST2 is downregulated by K5 in a cell type that can
be infected with KSHV, we studied BST2 expression in HPV
E6/E7-immortalized DMVECs (E-DMVECs) (37), using the
BST2-specific monoclonal antibody HM1.24 (kindly provided
by Chugai Pharmaceuticals) (44). In untreated DMVECs, we
observed low levels of BST2 expression at the cell surface (Fig.
1A). However, a significant increase in the BST2 surface level
occurred upon treatment with IFN-B, consistent with previous
reports that BST2 is inducible by IFN (7). A similar induction
was observed upon treatment with TNF-a (Fig. 1A). In con-
trast, prior transduction of DMVECs with an adenovirus ex-
pressing K5 (Ad-KS5) reduced IFN-B-induced BST2 expres-
sion, whereas transduction with Ad-K3 or Ad-TET alone had
no effect on IFN induction of BST2 (Fig. 1B). These data
confirm our previous observations with HeLa cells, which ex-
press BST2 constitutively, and demonstrate that K5 is able to
downregulate BST2 expression upon IFN induction in cells
representative of Kaposi’s sarcoma.

Upon de novo infection of E-DMVECs, KSHV establishes
latent infection (37). Prior to establishment of latency, how-
ever, K5 is transiently expressed (24), although protein levels
in the majority of cells are typically below the limits of detec-
tion by standard methods (1). Upon primary infection of
DMVECs with KSHYV, a significant reduction of BST2 surface
expression was observed in IFN-induced DMVECs (Fig. 1B).
The percentage of cells expressing low levels of BST2 corre-
sponded to cells that were LANA-1 positive (not shown). To
determine whether BST2 downregulation was the consequence
of transient K5 expression in primary infected DMVECs, we
pretreated DMVECs with siRNA to K5 or control siRNA, as
described previously (1, 32), prior to KSHV infection. As
shown in Fig. 1B, BST2 was downregulated in control siRNA-
treated cells, but KSHV had no effect on BST2 levels upon
treatment with K5 siRNA. Reduction of K5 protein expression
by siRNA was verified by immunoblotting (Fig. 1C). Taken
together, these data suggest that during de novo infection,
KSHYV downregulates BST2 by expressing KS5.

KSHYV inhibits IFN-induced BST2 expression upon reacti-
vation from latency. To examine whether KSHV is able to
prevent IFN-induced BST2 upregulation during latency or
upon reactivation from latency, we studied BST2 expression in
latently infected or reactivated E-DMVECs. Latently infected
E-DMVECs were generated as described previously (37). As
shown in Fig. 2A, latently infected cells did not counteract
IFN-induced BST2 upregulation, consistent with a lack of K5
expression during established latency. Latent virus can be re-
activated experimentally by introduction of the viral transacti-
vator RTA, which induces lytic genes, including the K5 gene
(51). Upon reactivation of KSHV by transduction of latently
infected cells with Ad-RTA, we observed a significant inhibi-
tion of IFN-induced BST2 surface expression, whereas Ad-
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FIG. 1. K5 downregulates IFN-induced BST2 in DMVECs infected
with KSHV. (A) BST2 is induced by IFN-B and TNF-a in DMVECs.
E-DMVECs were treated with 500 U/ml of human IFN-8 or 10 ng/ml
TNF-a for 24 h or were left untreated (red) prior to flow cytometry with
anti-BST2 (HM1.24). (B) K5 downregulates IFN-B-induced BST2 during
de novo infection with KSHV. (Top) E-DMVECs were transduced with
Ad-KS5 (black), Ad-K3 (red), or Ad-TET (gray) for 24 h prior to treatment
with IFN-B and flow cytometry for BST2. (Middle) E-DMVECs were
infected with KSHV (white) or mock infected (gray) prior to treatment
with IFN-B and staining for BST2. (Bottom) E-DMVECs were treated
with K5-specific (white) or scrambled (gray) siRNA and infected with
KSHYV prior to treatment with IFN-B and staining for BST2. (C) K5-
specific siRNA inhibits K5 protein expression during primary infection.
Duplicate samples from the middle and lower parts of panel B were used
to confirm K5 knockdown by K5 siRNA. Cells were lysed and immuno-
blotted with anti-K5 or anti-GAPDH antibody.

TET was unable to prevent BST2 induction (Fig. 2A). This
correlated with the strong induction of K5 expression (Fig.
2B). Since KSHYV carries several modulators of IFN signaling
(42), it was possible that reactivated KSHV prevented BST2
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FIG. 2. KSHV inhibits induction of BST2 protein, but not mRNA,
upon reactivation. (A) BST2 downregulation upon viral reactivation.
(Left) Uninfected E-DMVECs were treated with IFN-B for 24 h
(+IFN; gray) or were left untreated (UT; black) prior to being stained
with anti-BST2 (HM1.24). (Middle) E-DMVEC: latently infected with
KSHYV were treated with IFN-B (+IFN; gray) or left untreated (UT;
black). (Right) Latently infected E-DMVECs were transduced with
Ad-RTA (black) or Ad-TET (gray) prior to treatment with IFN-B for
24 h. (B) KSHV does not inhibit induction of BST2 mRNA by IFN-.
BST2 (top) and K5 (bottom) mRNA levels were quantified by qPCR
for cells treated as described for panel A. Results were normalized to
a B-actin control, and changes compared to untreated, uninfected
E-DMVECs were calculated using the comparative threshold cycle
method as described previously (46).

induction at the transcriptional level. However, qPCR of
BST2-specific transcripts revealed a strong induction of a
BST2-specific message upon IFN induction in both latently
infected and reactivated samples (Fig. 2B). Therefore, we con-
cluded that during reactivation, BST2 expression is inhibited at
a posttranscriptional level, consistent with K5-mediated deg-
radation. In contrast to the case with primary infected cells,
however, we did not observe increased BST2 expression upon
treatment of reactivated cells with K5-specific sSiRNA due to
incomplete gene knockdown (data not shown). Since very low
levels of K5 are sufficient to downregulate target proteins (1),
presumably due to the catalytic nature of ubiquitin ligases, the
efficient reactivation of K5 expression by Ad-RTA seems to
outcompete the K5-specific siRNA. However, the fact that
BST2 expression is inhibited at a posttranscriptional level
strongly suggests that K5 is responsible for this effect upon
viral reactivation from latency.

BST2 DOWNREGULATION BY KSHV K5 9675

BST2 is degraded upon exiting the ER. BST2 is an unusual
transmembrane protein that has a type II transmembrane to-
pology while also carrying a carboxy-terminal GPI anchor. As
such, it is very different from all other transmembrane proteins
that are targeted by K5, i.e., type I transmembrane proteins
belonging to the immunoglobulin superfamily. To determine
how BST2 is downregulated by KSHV K5, we studied the fate
of BST2 in the presence of KS5. The effects of K5 on cell
surface-expressed and total BST2 were monitored by cell sur-
face biotinylation and immunoblotting of total cell lysates,
respectively. In IFN-induced DMVECs transduced with Ad-
TET, cell surface biotinylated BST2 appeared as several pro-
tein bands that corresponded in molecular size to monomeric
(36 kDa), dimeric (>64 kDa), and multimeric forms of BST2,
as described previously (44) (Fig. 3A). In the presence of K5,
all forms of BST2 were undetectable, suggesting that K5 effi-
ciently prevented surface expression of IFN-induced BST2. A
similarly strong reduction was observed for total levels of BST2
by immunoblotting of total SDS lysates (Fig. 3B), suggesting
that IFN-induced BST2 was efficiently eliminated by KS.

To facilitate the study of the K5-mediated degradation of
BST2 by use of a commercially available antibody, we gener-
ated human fibroblasts stably expressing wild-type BST2 or
modified BST2 containing an internal HA epitope tag at a
nonconserved site (41). BST2-HA was initially synthesized as
an endo H-sensitive protein of approximately 24 kDa that was
converted into an endo H-resistant form of approximately 36
kDa (Fig. 3C). Upon PNGase F treatment, the 36-kDa protein
was converted to the same low molecular mass as the endo
H-sensitive form. Since the predicted molecular mass of BST2
is 19.6 kDa, we concluded that the low-molecular-mass form
corresponded to deglycosylated BST2. The large shift in mo-
lecular mass is consistent with both predicted glycosylation
sites being used (44). The 36-kDa mature protein is relatively
long-lived, with a half-life of more than 6 h. In the presence of
K5, the synthesis of the endo H-sensitive form of BST2 was
unhampered. However, the endo H-resistant form of BST2
was short-lived, with a half-life of less than 2 h. Since endo H
resistance indicates that BST2 has acquired modified N-linked
glycans in the Golgi apparatus, these results indicate that K5
mediates the degradation of BST2 in a post-ER compartment.
Since we were unable to detect BST2 at the cell surface by
biotinylation, it further seems that K5 intercepts BST2 en
route to the cell surface.

Proteasome inhibitors, but not endosomal inhibitors, pre-
vent BST2 degradation. Post-ER degradation implies that
BST2 is targeted for degradation in lysosomes via the multive-
sicular body (MVB) pathway, as described for several other K5
targets (26). In such instances, KS-mediated degradation could
be inhibited using small-molecule inhibitors of vacuolar
ATPases, such as the macrolide ConA (30-32). Surprisingly,
however, surface expression of BST2 was not restored in the
presence of ConA (Fig. 4A). In contrast, the proteasome in-
hibitor MG132 completely restored BST2 surface expression
(Fig. 4A). To determine whether proteasomal or endo/lysoso-
mal inhibitors prolonged the half-life of BST2, we performed
pulse-chase experiments, with MHC-I molecules as a control.
As shown in Fig. 4B, MG132 efficiently prevented the degra-
dation of both MHC-I molecules and BST2. In contrast, ConA
prolonged the half-life of BST2 but ultimately did not prevent



9676 MANSOURI ET AL.

A T B
F X
<3
IP: Biotin - -
IB: BST-2 = X
° o
< <
Eakos Immunoblot
. BST-2
36 kDa
W= e GAPDH
IB:KS e
IB:BAP31 s
c BST2-HA +EndoH  +PNGaseF
hpp 0051246 00512 46 00512 46
36kDa
BHREn] W8
Ad-TET |u —
o e - — e e
Ad-K5 |w *
- - - 17kDa

hpp - hours post pulse

FIG. 3. Degradation of BST2 by K5. (A) BST2 is absent from the
cell surface in the presence of K5. E-DMVECs were transduced with
Ad-KS5 or Ad-TET alone for 24 h, followed by treatment with 500 U/ml
IFN-B. After 24 h, cell surface-expressed proteins were biotinylated.
Upon cell lysis, biotinylated proteins were captured with avidin and
separated by SDS-PAGE. BST2 was visualized by immunoblotting
with anti-BST2 (top), anti-K5 (middle), or anti-BAP31 (bottom) as
a loading control. (B) K5 reduces steady-state levels of BST2. E-
DMVECs were transduced with Ad and treated with IFN-B as de-
scribed for panel A. Cells were lysed in SDS sample buffer, and the
lysate was separated by SDS-PAGE followed by immunoblotting with
HM1.24 or anti-GAPDH. (C) Increased degradation of endo H-resis-
tant BST2 by K5. Human fibroblasts stably transfected with the len-
tivector pPCDH-BST2-HA were pulse labeled for 15 min, followed by a
chase, as indicated. BST was immunoprecipitated with anti-HA after
treatment, followed by treatment with endo H or PNGase F when indi-
cated. SDS-PAGE and autoradiography revealed a 24-kDa glycosylated
endo H-sensitive precursor that was converted to an ~34-kDa endo H-
resistant glycoprotein. Deglycosylated BST2 migrated at about 17 kDa,
consistent with its predicted molecular mass of 19 kDa. A nonspecific
24-kDa band comigrated with the 24-kDa form of BST2 (x).

its degradation, whereas MHC-I degradation was completely
inhibited. This result was unexpected since the proteasome is
unable to degrade transmembrane proteins once they have
exited the ER. An alternative explanation for this result is that
MG132 treatment is known to deplete free ubiquitin from
cells, thus affecting ubiquitin-mediated endocytosis (33).

J. VIROL.

Moreover, proteasome inhibitors were previously shown to
prevent sorting of MHC-I to late endosomal complexes of
K3-expressing cells (28). To determine whether BST2 was tar-
geted to lysosomes via the MVB pathway, we cotransfected K9,
K3, or a control plasmid with VPS4 or the EQ mutant of VPS4,
which inhibits MVB formation (18). BST2 surface levels, mon-
itored by flow cytometry, were reduced in the presence of VPS4,
but to a much lesser extent in the presence of VPS4-EQ (Fig. 4C).
Therefore, we concluded that K5 targets BST2 for lysosomal
destruction via the MVB pathway. Why endo/lysosomal targeting
of BST2 by K5 was less sensitive to proton pump inhibitors than
MHC-I targeting remains to be investigated.

Ubiquitination of cytoplasmic lysines is required for BST2
downregulation. As a ubiquitin ligase, K5 transfers ubiquitin to
the cytoplasmic (and usually carboxy-terminal) portion of its
substrates (12). Ubiquitin is conjugated to lysines but can also
be transferred to cysteines in the absence of lysines (8). To
determine whether BST2 is ubiquitinated in the presence of
K5 and whether this ubiquitination is necessary for BST2
downregulation, we replaced two amino-terminal lysines that
are predicted to face the cytosol (K18 and K21) with arginines.
The resulting construct, BST2-KR, as well as wild-type BST2,
was stably transfected into human fibroblasts. When transfec-
tants were transduced with Ad-KS, only BST2 was significantly
downregulated (Fig. 5A). In contrast, BST2-KR was largely
unaffected. In human fibroblasts stably transfected with an
HA-tagged version of BST2-KR, the half-life of BST2 in the
presence of K5 was nearly indistinguishable from that in Ad-
TET-transduced cells. In contrast, MHC-I molecules immuno-
precipitated from the same lysates were turned over more
rapidly in Ad-K5- than in Ad-TET-transduced cells. These
observations strongly suggested that ubiquitination plays an
essential role in BST2 downregulation by KSHV K5. To fur-
ther determine whether the cytosolic lysines were ubiquitinated
in the presence of K5, we immunoprecipitated BST2-HA or
BST2-KR-HA from Ad-K5- or Ad-TET-transduced stably
transfected fibroblasts and probed immunoblots with ubig-
uitin-specific antibodies. As shown in Fig. 5C, several high-
molecular-weight bands appeared in immunoblots for Ad-K5-
transduced fibroblasts. These ubiquitin-reactive bands were
absent for Ad-TET- or Ad-KS5-transduced BST2-KR-HA-ex-
pressing cells. We concluded that they represent oligo-ubiq-
uitinated BST2 and that ubiquitination takes place at the
intracellular lysines. Interestingly, a low-molecular-weight
ubiquitinated protein was immunoprecipitated with BST2-KR-HA
in the presence of K5. The identity of this protein is currently
unknown, but it might represent a protein that is ubiquitinated in
a complex with K5 and BST-KR. We further examined the effect
of MG132 on BST2 ubiquitination. As shown in Fig. 5C, ubiq-
uitinated BST2 was not detected in the presence of MG132,
consistent with MG132 inhibiting ubiquitination of BST2. In con-
trast, ConA did not affect ubiquitination of BST2 and did not
stabilize a ubiquitinated intermediate as observed previously (31,
32). We therefore concluded that MG132 restored BST2 surface
expression by depleting free ubiquitin and thus preventing K5
from ubiquitinating BST2.

BST2 reduces KSHYV recovery. To determine whether BST2
affects the production of KSHV upon reactivation, we infected
Hela cells, which express high levels of endogenous BST2 (4),
with rKSHV.219, a recombinant virus that expresses GFP un-
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FIG. 4. Proteasomal but not lysosomal inhibitors prevent K5-mediated BST2 degradation. (A) Proteasome inhibitors restore cell surface
expression of BST2 in the presence of K5. Stable transfectants expressing BST2-HA were mock treated (dashed line) or transduced with Ad-KS5
(black line) or Ad-TET (gray area) for 24 h, followed by treatment with MG132 (20 wM) or ConA (50 nM) for 12 h. BST2 expression was
monitored by flow cytometry using anti-HA. (B) Proteasome inhibitors prevent K5-mediated BST2 degradation. Human fibroblasts stably
expressing BST2-HA were metabolically labeled for 15 min, and the label was chased for the indicated times prior to immunoprecipitation and
PNGase F treatment. Prior to being labeled, human fibroblasts were pretreated for 12 h with MG132 (20 uM) or left untreated. Immunopre-
cipitation was done with anti-HA antibody. (C) Overexpression of dominant-negative VPS4-EQ partially restores BST2 surface expression
compared to wild-type VPS4 in K5-transfected cells. HeLa cells were cotransfected with control plasmid, K5, or K3 and with wild-type VPS4 or
VPS4-EQ. Twenty-four hours later, transfected cells were analyzed by flow cytometry. Surface expression of BST2 on VPS4-expressing cells (as
detected by GFP positivity) was measured by flow cytometry using anti-BST2.

der the control of a constitutive promoter and red fluorescent
protein under the control of a lytic promoter (55). rKSHV.219
established latent infection in HeLa cells upon puromycin se-
lection, as described previously (55). Latently infected cells
were treated with siRNA to K5 or control siRNA, and virus
was reactivated with Ad-RTA together with sodium butyrate.
Virus release into the supernatant was monitored by transfer-
ring the supernatant to HEK293 cells and monitoring GFP
fluorescence. As shown in Fig. 6A, we observed a 50% reduc-
tion of KSHV recovery from HeLa cells in the presence of K5
siRNA. This reduction of KSHV release was due to BST2,
since KSHV recovery was restored to control levels when K5

siRNA was cotransfected with siRNA to BST?2 prior to reac-
tivation (Fig. 6B). Cotransfection of the two siRNAs did not
affect their ability to reduce target transcript expression (Fig.
6C). We interpret these results as an indication that BST2
interferes with KSHV release.

DISCUSSION

Our data strongly suggest that despite its unusual topology,
BST2 is a bona fide target of K5. As such, K5 mediates the
ubiquitination of one or both cytoplasmic lysines at a post-ER
location in the cell. Previously, it was demonstrated that BST2
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Likewise, BST2-KR-HA-expressing fibroblasts were transduced with Ad-TET alone or with Ad-TET and Ad-K5 for 10 h and then immunopre-
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continuously recycles between the plasma membrane and the
trans-Golgi network (TGN) (25). In contrast to other K5 tar-
gets that are internalized from the cell surface (11, 31), we
were unable to detect BST2 at the plasma membrane, even
upon biotinylation (Fig. 3A). Thus, K5 most likely intercepts
IFN-induced BST2 in the TGN. This conclusion is also sup-
ported by the observation that K5 does not degrade BST?2 prior
to ER exit.

Given the post-ER degradation of BST2, the most likely
destination of ubiquitinated BST2 is the lysosome. Surpris-
ingly, however, inhibitors of lysosomal acidification did not
prevent KS-mediated BST2 degradation. This is in contrast to
the case for all other K5 targets (with the notable exception of
newly synthesized CD31 [31]) studied to date (reviewed in
reference 40). In each case tested, vacuolar ATPase inhibitors
restored surface expression of the respective K5 targets. More-
over, in several instances we observed that ConA stabilized a
ubiquitinated intermediate in the presence of K5 or other viral
MARCH proteins (30-32). The failure of ConA to prevent
KS5-mediated BST2 degradation could thus be interpreted as
evidence that BST?2 is not degraded by the lysosome. Indeed,
inhibitors of the proteasome, the second major proteolytic
system in the cell, prevented BST2 degradation and restored
BST2 surface expression. However, we consider it unlikely that

the proteasome is directly involved in degrading BST2 for
several reasons, as follows. (i) Proteasomal degradation of
transmembrane proteins requires their retrograde transloca-
tion to the cytosol (39), a process that is confined to ER-
localized transmembrane proteins. Since BST2 acquired endo
H resistance prior to K5-mediated turnover, proteasomal deg-
radation would thus require retrograde transport of BST2 to
the ER, for which there is currently no evidence. (ii) We did
not observe a degradation intermediate of BST2 in the pres-
ence of proteasome inhibitors. In contrast, cytosolic, deglyco-
sylated, and ubiquitinated intermediates have been reported
for MHC-I molecules degraded by the proteasome in the pres-
ence of human cytomegalovirus US2 and US11 (29). (iii) Pro-
teasomal degradation generally requires polyubiquitination via
a lysine 48 linkage (13). In contrast, we observed only a few
discreet ubiquitinated bands for BST2, consistent with a model
of oligo-ubiquitination via lysine 63 linkage proposed for K3
(15). Mono-ubiquitination at single or multiple cytoplasmic
lysine residues as well as K63-linked oligo-ubiquitination has
been implicated in endocytosis of proteins destined for lysoso-
mal degradation via the MVB pathway (2, 21, 38, 48). (iv)
Inhibition of MVB formation by a dominant-negative form of
VPS4 restored BST2 surface expression. Taking all these ob-
servations together, we therefore consider it unlikely that
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BST2 is extracted to the cytosol and destroyed by the protea-
some.

A more likely explanation is that MG132 limits the ability of
K5 to ubiquitinate BST2, since prolonged treatment with pro-
teasome inhibitors depletes the cellular pool of free ubiquitin
(35). This is supported by the observation that ubiquitinated
BST2 was no longer observed in MG132-treated cells, despite
the presence of KS. Thus, the very first step of ubiquitin-
mediated mistargeting of BST2 was inhibited by MG132. Sim-
ilarly, it was previously concluded that proteasome inhibitors
prevent early-to-late endosomal sorting of MHC-I molecules
in the presence of KSHV K3 (28). It is thus conceivable that
ubiquitin depletion prevents the first step in TGN-to-lysosome

BST2 DOWNREGULATION BY KSHV K5 = 9679

mistargeting of BST2. Why this process is resistant to macro-
lides, such as ConA, that normally block the transport of cargo
from late endosomes to lysosomes (54) remains to be investi-
gated.

It is possible that the unique topology and GPI linkage of
BST2 contribute to this unusual degradation pathway. The
addition of a GPI linker generally renders proteins resistant to
ubiquitination due to the concomitant removal of cytoplasmic
domains that can be targeted for ubiquitination. To our knowl-
edge, BST2 is the first reported case of a GPI-linked protein
that also carries a cytoplasmic domain that is susceptible to
ubiquitination. Similar to most GPI-linked proteins localized
to cholesterol-rich membrane microdomains, BST2 was shown
to localize to lipid rafts (25). Given its unique topology, it was
hypothesized that BST2 lines the borders of lipid rafts like a
fence, with the N terminus located in the nonraft portion of the
membrane. It will be interesting to determine how K5-medi-
ated ubiquitination affects the partitioning of BST2 to lipid
rafts and whether other proteins that colocalize with BST2 at
lipid rafts are affected by BST2 ubiquitination. For example,
ubiquitination could result in the extraction of BST2 from the
raft, or it could trigger the mistargeting of other raft-associated
proteins. Thus, BST2 ubiquitination by K5 is a unique model
with which to study the ubiquitin-mediated sorting of a raft-
associated protein.

BST2 downregulation correlated with K5 expression in
KSHV-infected ECs. Upon primary infection, K5 is transiently
expressed prior to the establishment of a restricted latency-
associated expression pattern. Consistent with K5 shutoff dur-
ing latency, BST2 induction by IFN was not inhibited by K5 in
latently infected cells. Instead, basal levels of BST2 were ele-
vated in latently infected cells (Fig. 2), suggesting a low-level
activation of BST2 expression in virally infected cells. Given
that multiple stimuli (type I and type II IFNs, as well as
TNF-a) induce BST2 expression, we interpret this as evidence
that infection by KSHV upregulates the transcription of BST2.
This IFN-independent, virus-dependent BST2 induction could
be due to activation of NF-kB by the latency-associated tran-
script VELIP (20). In fact, it was recently reported that human
umbilical ECs transduced with VFLIP showed a severalfold
upregulation of the BST2 transcript (47). Alternatively, viral
DNA could activate innate pattern recognition receptors, such
as the recently identified IFN-activating repeat element in y2-
herpesvirus genomes (49). In vivo, BST2 induction might thus
result from local IFN secretion by neighboring infected cells or
infiltrating lymphocytes as well as from activation of the innate
immune response in infected cells.

The targeted elimination of BST2 by KS is thus part of
KSHV’s countermeasures against the host IFN response. Sev-
eral gene products of KSHV are known to interfere at different
steps of the IFN cascade, including (i) the signaling pathways
that lead to the induction of the IFN gene, (ii) the signaling
cascade triggered by IFN binding to its cellular receptors, and
(iii) counteraction of the antiviral activity of IFN-stimulated
genes (ISGs). For example, viral IFN regulatory factors
(VIRFs) disrupt the IFN-independent activation of host IRFs
(42). Moreover, IFN-y-dependent signaling can be counter-
acted by K3 and K5, which both downregulate the IFN-y re-
ceptor (27), and type I IFN-dependent signal transduction was
shown to be inhibited by VIRF2 (17) and by the RIF protein
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encoded by ORF10 (6). However, we observed only a slight
reduction of BST2 mRNA induction by IFN-B in Ad-RTA-
transduced versus control-transduced cells (Fig. 2B), suggest-
ing that any inhibition of signal transduction from the type I
IFN receptor by reactivated KSHV was unable to substantially
interfere with BST2 induction. The downregulation of BST2 by
K5 thus belongs in the category of viral gene products prevent-
ing the antiviral action of ISGs. While counteracting ISG func-
tion has been described for other viruses (5), very little is
known about such ISG countermeasures by KSHV. One ex-
ample is the inhibition of IRF7, an IFN-induced transcription
factor, by ORF45 and vIRF3 (22, 57). Thus, the K5-mediated
degradation of BST2 is one of the first examples of KSHV
directly destroying an IFN-induced protein.

The efficient inhibition of IFN-induced BST2 expression by
K5 implies that K5 might play a role in counteracting an innate
immune mechanism. One possibility is that in the absence of
K5, BST2 prevents the release of KSHV from the host cell,
similar to the case reported for VPU-deleted HIV-1. This
hypothesis is supported by our observation that KSHV release
from HeLa cells was decreased in the presence of K5 siRNA
but restored when BST2 expression was also inhibited. Her-
pesviral egress is quite different from that of retroviruses and
filoviruses, as it involves the envelopment of tegument-covered
viral capsids in the TGN followed by exocytosis of virion par-
ticles by vesicular transport (34). Thus, it seems likely that
BST2 interferes with this process in the TGN. Recent obser-
vations further suggest that BST2 inhibition of HIV-1 is con-
fined to certain cell types, e.g., macrophages and HeLa cells,
but is less efficient in other cell types, e.g., T cells (36). Since
experiments with K5 siRNA in other cell types have so far been
inconclusive (data not shown), it is possible that an antiviral
activity of BST2 is cell type specific. Since KSHV is capable of
infecting a number of cell types, with B cells and ECs being the
cells most commonly infected in vivo, further work will be
required to determine the effect of BST2 on KSHV propaga-
tion in the absence of K5.
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